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The toad bladder, like the kidney tubule, is capable of reabsorbing sodium actively, 
that is against  the electrochemical gradient,  and chloride and water passively. The 
bladder is composed of (a) an epithelial cell layer believed to be the site of the active 
transport process; (b)  a  subepithelial layer made up of connective tissue fibers and 
cells, blood vesels, and bundles of smooth muscle  fibers;  (c)  the  serosa,  which  con- 
sists of a  simple layer of cells (1). 
The toad bladder is capable of generating a potential difference of some 10-120 my 
between its serosal and mucosal surfaces, the serosa being positive with respect to the 
mucosa. The electrical activity of the bladder can be ultimately accounted for by the 
active transport of sodium from the mucosal to the serosal side of the organ. 
When both surfaces of the bladder are exposed to physiological solutions of identical 
composition and  the spontaneous  membrane potential  is  abolished  by an  imposed 
external  potential  difference,  the  current  flowing  through  the  external  cricuit  is 
equivalent to the net transport of sodium. This is the short circuit current (2). 
STIMULATION  OF  ACTIVE  SODIUM  TRANSPORT 
Antidiuretic hormone increases sodium movement across the bladder epithelium (3). 
Similarly,  another  hormone  involved  in  sodium  transport,  aldosterone,  stimulates 
sodium movement across  the bladder (4).  Antidiuretic hormone acts  by increasing 
the  permeability of the  mucosal  surface of the  epithelium to  sodium;  this  in  turn 
increases intracellular sodium and therefore increases the availability of sodium for 
the ionic pump believed to be located in the vicinity of the basal surface of the epi- 
thelial cells. 
Recently, I  have found that insulin stimulates transport across the bladder in vitro 
(5). Fig.  1 shows the effect of insulin on short circuit current. The hormone appears to 
be able to stimulate sodium transport when added to either side of the bladder, and 
the effects seem to be additive. 
Two possibilities were considered for the interpretation of the effect of insulin on 
sodium  transport:  either  the  hormone acted  by increasing  the permeability of the 
mucosal  surface  of the  epithelium  to  sodium  as  does  antidiuretic  hormone,  or  it 
stimulated  the ionic pump directly. The ionic pump is believed to be located in the 
vicinity of the basal surface of the epithelial cells (6). Therefore, the pump transports 
sodium from the cells toward the serosal side of the bladder. For determination of the 
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site of action of insulin, the rate coefficients describing the inward and outward move- 
ments of sodium across both surfaces of the bladder epithelium were determined. 
The parameters  describing sodium movement were determined  by analyzing the 
distribution  of sodium in  a  three-compartment system (7).  Compartment  1 corre- 
sponded to the mucosal solution; compartment 2 was taken to represent the epithelial 
ceils;  and  compartment  3  was  the  serosal  solution.  Sodium-22  was  added  to  the 
mucosal solution, and the approach to a steady value of the flux of tracer to the serosal 
solution was followed. The amount of tracer in the tissue was determined at the end of 
the experiment. The time course of the approach to the steady state of transbladder 
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FmURE 1.  The upper record 
shows the effect of insulin on 
short circuit current when it is 
added first to the serosal bath- 
ing solution  and  later  to  the 
mucosal bathing solution. The 
lower record  shows the effect 
of  insulin  added  simultane- 
ously to both sides. The effects 
appear  to  be  additive.  (Her- 
rera,  1965 (5), by courtesy of 
the  American  Journal  of  Physi- 
ology.) 
This  method  allows  us  to  determine  the  following: k12, the  rate  coefficient for 
sodium movement from the mucosal solution to the epithelium across the mucosal cell 
surface;  k2a, the  rate  coefficient for  sodium  movement from  the  ceils  toward  the 
mucosal solution; k28, the rate coefficient for sodium movement from the epithelium 
toward the serosal solution, which takes place presumably through the sodium pump; 
and S~, the sodium in transit across the epithelium. The results are shown in Table I. 
The only rate coefficient which increases after insulin treatment is ks 8, which describes 
sodium movement generated by the pump across the basal surface of the epithelial 
cells. No changes are seen in the rate coefficients for the sodium movement across the 
apical cell surface, and the transport pool tends to fall. 
Therefore,  although insulin  stimulates sodium transport as does antidiuretic  hor- 
mone, its site of action appears to be different.  Leaf and associates (3, 8)  have sug- 
gested that increased sodium delivery to the active transport mechanism may stimulate 
the pump. Thus, an increase in permeability of the mucosal barrier to sodium would 
indirectly  stimulate  the  pump  by increasing  intraeellular  sodium.  Insulin  did  not FRANCISCO C.  HERRERA  Bioeleari¢ Properties and Ionic Content in  Toad Bladder  063 s 
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FIOOR~  2.  Approack  of 
tracer  flux  to  a  steady  value 
after  sudden  addition  of so- 
dium-22 to the mucosal bath- 
ing  solution.  The  ordinate 
represents  the  fractional  ap- 
proach  to  a  steady  value  of 
sodium-22 flux into the serosal 
solution  subtracted  from 
unity. The slope of the line is 
equal  to  -(kit  +  k~a). The 
inset  represents  the  epithelial 
compartments  with  the  four 
rate  coefficients  for  sodium 
movement between  the  bath- 
ing solutions  and  the  epithe- 
lium.  (Slightly modified from 
Herrera,  1965 (5), by courtesy 
of the American Journal of Phys- 
iology.) 
increase the permeability of the mucosal surface; moreover, insulin did not increase the 
intracellular  sodium pool; on the contrary, the pool showed a  tendency to fall in the 
insulin-treated bladders. Therefore, insulin stimulation of sodium transport is probably 
caused  by a  primary  effect of the hormone on  the  pump  itself or by action  on cell 
metabolism and not mediated through changes in the intracellular sodium pool as may 
occur in the case of antidiuretic  hormone. 
INHIBITION  OF  THE  SODIUM  PUMP 
Further  evidence supporting the theory regarding  the location of the sodium pump 
seemed  desirable  at  this  point.  If the  pump  were  partially  poisoned  by  a  specific 
TABLE  I 
SODIUM  POOL AND  RATE  COEFFICIENTS FOR  SODIUM TRANSPORT  ACROSS 
INSULIN-TREATED  AND  CONTROL  BLADDERS 
S2  kx2  k2x  k23 
Control  Insulin  Control  Insulin  Control  Insulin  Control  Insulin 
I~Eq/3.14 cm 2  hr  -x  X  102  hr  -x  hr  -l 
Mean  1.52  1.06  6.3  5.1  9.0  9.4  2.9  5.4 
Insulin effect  0.434-0.26  1.24-1.1  0.3-4-1.2  2.5-4-0.7 
SEM 
p  >0.10  >0.30  >0.80  <0.01 
Modified from Herrera, 1965 (5), by courtesy of the American Journal of Physiology. 264 s  CELL  MEMBRANE  BIOPHYSICS 
inhibitor of active ion transport, the flux or fluxes across the inner and outer surfaces 
of the epithelium which showed a decrease would represent the active pumping mech- 
anism. 
Schatzmann (9) has shown that ouabain inhibits active transport of sodium. There- 
fore, this agent was used to locate the site of the active transport process (10).  The 
experimental method employed was similar to that used in the study of the action of 
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FIGURE 3.  Effect of the serosal addition of ouabain on short circuit current and poten- 
tial difference across toad bladder.  Note that they both fall almost simultaneously after 
addition  of the glycoside. PD, potential  difference; SCC, short circuit current. 
T&BLE  II 
EFFECT OF OUABAIN ON SODIUM FLUXES IN TOAD BLADDER 
Control  Ouabain  Control  Ouabain  Control  Ouabain 
Mean 
Ouabain effect 
::t::  sE~t 
P 
40.3  49.9  23.8  43.8  21.5  10.0 
9.6+6.0  20.0d:6.5  11.5=1=1.2 
>0.10  0.015  <0.001 
Values are in #Eq/hr per 100 mg dry weight. 
Modified from Herrera, 1966 (10), by courtesy of the American Journal of Physiology. 
difference are shown in Fig. 3. Short circuit current and potential difference fell almost 
simultaneously after addition of ouabain. 
The effect of ouabain on the fluxes of sodium across the apical and basal surfaces of 
the epithelium is shown in Table II. Only ~28, the flux from the epithelium toward the 
serosal solution, was decreased by ouabain. This effect is in agreement with the hypoth- 
esis that  the  sodium pump is  located  at or near  the  basal  surface of the  epithelial 
cells  (6). 
RELATIONSHIP  BETWEEN  POTASSIUM  AND  SODIUM 
CONTENT  OF  THE  TISSUE  AND  THE 
BIOELECTRIC  PROPERTIES 
Following the Koefoed-Johnsen and Ussing model for the frog skin (11), it has been 
proposed that the mucosal surface of the epithelium would be selectively permeable to Fm~x~sco C.  HEPatEPa~  Bioelectrie Properties and Ionic Content in  Toad Bladder  265 s 
sodium and the basal surface to potassium (12). The transbladder potential difference 
would result from the sum of the two diffusion potentials generated by the movement 
of sodium and  potassium across the  apical  and  basal membranes respectively.  Leb 
et  al.  (12)  have furnished  evidence  to  substantiate  this  view.  On  the  other  hand, 
Frazier and Leaf (13) have proposed that the sodium pump is capable of generating a 
potential difference across the basal epithelial surface. It is conceivable that a  potas- 
sium-permeable channel  and  an  electrogenic  pump,  which  brings  about an  asym- 
metrical movement of charge, coexist in parallel at the basal border of the epithelium. 
Fxoum~ 4.  Effect of 10  -3 M ouabain on bladders exposed to sodium Ringer's solution 
(115 mEq/liter sodium), chloride as main anion, on both sides. The columns denoted by 
a C represent control values; those denoted by an 0  correspond to the ouabain-treated 
bladders. PD, potential difference; I,¢, short circuit current; Kt, tissue potassium; Nat, 
tissue sodium. The external circuit was opened intermittently in short-circuited bladders 
to record the potential difference.  Note that ouabain causes  a marked fall in potential 
difference,  short circuit current, and tissue potassium, and a rise in tissue sodium.  The 
results are similar in open-circuited and short-circuited bladders. 
If the transbladder potential difference were indeed generated  by sodium diffusing 
across the apical barrier and potassium across the basal one, inhibition of active sodium 
transport  and  the  concomitant fall  in  transbladder  potential  difference  caused  by 
ouabain would be accompanied by a  decrease in  tissue potassium and an  increase in 
tissue sodium. As a determination of the relationships of transbladder potential differ- 
ence and  net sodium transport  to the potassium  and sodium  contents of the  tissue, 
experiments  were  performed  on  bladders  in  which  the  bioelectric  properties  were 
inhibited by ouabain, and the effects of this inhibition on sodium and potassium con- 
tent were determined. 
Fig.  4  illustrates the effect of ouabain on bladders exposed to sodium Ringer's on 
both sides, chloride being the main anion. The glycoside causes a marked decrease in 
potential  difference,  short circuit  current,  and  tissue potassium and  a  rise  in  tissue 
sodium in both short-circuited and open-circuited bladders. 266 s  CELL  MEMBRANE  BIOPHYSICS 
Flom~  5.  Effect  of  10  -3  M ouabain on  short-circuited bladders  exposed to  sodium 
Ringer's solution (115 mEq/liter sodium) on the mucosal side and sodium-free, choline- 
containing Ringer's on the serosal side. Chloride was used as main anion. Short-circuit- 
ing was  interrupted  intermittently to  record  potential difference.  For definitions see 
legend to Fig. 4. Ouabain caused a  marked fall in potential difference and short circuit 
current, but tissue potassium and sodium content remained  practically unchanged. 
However, if the bladders are exposed to sodium Ringer's on the mucosal side and to 
sodium-free Ringer's  on  the  serosal  side,  ouabain  causes a  marked fall in potential 
difference and  short circuit current,  but  tissue potassium and  sodium content show 
practically no  changes.  This  suggests  that  the  potential  difference  is  more closely 
related to the active transport of sodium across the bladder than to tissue ion content. 
This is clearly shown in Fig. 5. Similar results are obtained when chloride is replaced 
by a  poorly permeant anion such as sulfate, as is illustrated in Fig. 6. 
FIOURI~ 6.  Effect of 10  -s M ouabain on  bladders exposed to sodium sulfate-Ringer's 
solution on the mucosal side and sodium-free, choline-containing sulfate Ringer's on the 
serosal side. For definitions see legend to Fig. 4. The glycoside decreases potential differ- 
ence and short circuit current, but potassium and sodium content of the tissue remain 
practically unmodified. FRANCISCO C.  HERm~P,A  Bioelearic Properties and Ionic Content in Toad Bladder  267  s 
Floums 7.  Effect of 10-* M ouabain on bladders 
exposed  to  sodium  sulfate-Ringer's solution on 
the  mucosal side  and  sodium-free,  choline-con- 
taining sulfate Ringer's on the serosal side. The 
serosal surface of the bladder was made 200 mv 
negative with respect to  the  mucosal side,  thus 
increasing the force driving mucosal sodium into 
the  epithelial cells and  cell potassium from  the 
epithelium toward the serosal solution. For deft- 
nitions see legend  to  Fig.  4.  Ouabain  causes  a 
marked fall in tissue potassium and a rise in tissue 
sodium despite the absence of serosal sodium. 
Dr. R. P. Kernan (personal communication) has suggested that the application of a 
potential difference across ouabain-treated bladders should modify the ionic content of 
the tissue despite the absence of serosal sodium. This is illustrated in Fig.  7.  Bladders 
were exposed to sodium sulfate-Ringer's on the mucosal side and sodium-free sulfate- 
Ringer's on the serosal side. The force driving sodium into the cells from the mucosal 
solution was increased by making the serosal side 200 mv negative as referred to the 
mucosal side.  In spite of the lack of serosal sodium, ouabain induced a  fall in tissue 
FIOURE 8.  Effect of l0  s M ouabain on tissue sodium spaces accessible to mucosal and 
serosal sodium as measured with sodium-22. Bladders were exposed to sodium chloride-- 
Ringer's solution on both sides (115  mEq/liter sodium).  Sodium-22 was added to the 
mucosal solution of one group of bladders, and in another group sodium-22 was added 
to the serosal solution. "Mucosal Na pool" represents tissue sodium space accessible to 
mucosal sodium; "serosal Na pool" represents tissue sodium space accessible to serosal 
sodium. Ouabain causes a  fall in potential difference and tissue potassium; total tissue 
sodium rises, but tissue sodium originating from the mucosal solution is not modified. 
Tissue  sodium  originating from  the  serosal  solution  accounts  for practically all  the 
increase in tissue sodium. 268 s  CELL  MEMBRANE  BIOPHYSICS 
potassium and a  rise in sodium. In these experiments the sodium that accumulates in 
the tissue obviously comes from the mucosal solution.  Probably the major portion of 
the changes in electrolyte content occur in the epithelium, since it is the only impor- 
tant continuous  electrical resistance in  the tissue across which a  potential difference 
may be developed.  Consequently,  the epithelial cells are the only ones which "see" 
the potential. 
It was important  to determine the  contribution  of the  subepithelial  layers to the 
changes in electrolyte content of the tissue; therefore the epithelium was removed (14), 
and the effect of ouabain on the subepithelial layers was tested. The glycoside caused 
a  fall of tissue potassium from 22.6 ~Eq/g tissue water in  the controls to 9.0 ~Eq/g 
tissue  water  in  the  ouabain-treated  bladders;  sodium  rose  from  22.8  ~Eq/g  tissue 
water in the controls to 32.9 ~Eq/g tissue water in the ouabain-treated bladders. The 
differences were statistically significant at the p  ~  0.005 level. This indicates that the 
subepithelial  layers  account  for  at  least  a  fraction  of the  changes  in  sodium  and 
potassium  content  induced  by  ouabain  in  bladders  exposed  to  sodium-containing 
serosal solutions. 
Thus, in the absence of an imposed external potential, ouabain modified tissue ion 
content only when sodium was present in solutions bathing both surfaces ofthebladder. 
As an investigation of the source of this increase in tissue sodium, the following experi- 
ments were carried out. Bladders were exposed to sodium-free Ringer's on the mucosal 
side  and  sodium Ringer's on the serosal side.  Ouabain  caused  a  fall in  tissue potas- 
sium from 53.2 ~Eq/g tissue water in  the controls to 27.7 ~Eq/g tissue water in the 
ouabain-treated bladders; sodium increased from 18.2 ~Eq/g tissue water in the con- 
trols to 49.8 uEq/g tissue water in the ouabain-treated bladders. Therefore, the sodium 
accumulating in the tissue has a  serosal origin.  This was confirmed in  the following 
experiments. Bladders were exposed to sodium Ringer's on both sides.  In one group 
of experiments sodium-22 was added  to the mucosal solution;  in  another group the 
serosal solution was labeled with isotope. Fig.  8  shows the results: ouabain caused a 
marked fall in potential difference and tissue potassium; total tissue sodium rose but 
tissue  sodium  originating  from  the  mucosal  solution  was  not  modified.  However, 
tissue sodium originating from the serosal side,  as measured by the  tracer,  accounts 
or practically all the increase in tissue sodium. 
The relationship between the effect of ouabain on the bioelectric properties and the 
ionic content  of the  bladder may be summarized as follows: (a)  In the presence of 
serosal sodium, ouabain causes an important inhibition  of short circuit  current  and 
potential  difference  accompanied  by a  fall  in  tissue  potassium  and  an  increase  in 
tissue sodium. (b) In the absence of serosal sodium, inhibition of the bioelectric prop- 
erties of the  bladder  are not  accompanied by changes in  tissue  electrolyte content. 
(c)  However, in the absence of serosal sodium, ouabain can cause a  fall in epithelial 
potassium and a rise in sodium if a 200 mv step, serosal negative to mucosa, is applied 
across the bladder. (d) The sodium accounting for the increase in this ion in ouabain- 
treated  bladders  exposed  to sodium-containing  solutions  on  both sides  is  of serosal 
origin. 
These results are compatible with a  slightly modified Koefoed-Johnsen and Ussing 
model for the toad bladder epithelium. The mucosal surface is selectively permeable 
to sodium and permits the entry of this ion to a compartment involved in its transport FRANCISCO C.  HERRERA  Bioelectric  Properties  and Ionic Content in Toad Bladder  269 s 
across the bladder. The basal border of the epithelial cells is selectively permeable to 
potassium.  Moreover, it is very probable that  an  electrogenic pump,  which  expels 
sodium from the cell toward the serosal solution, coexists in parallel with the potassium 
channel in the basal membrane of the epithelial cells. 
This model accounts for the sodium and potassium electrode behavior of the muco- 
sal and basal surfaces of the epithelium respectively. It explains the finding of Frazier 
Leaf (13) that the potential difference across the basal surface of the epithelium cannot 
be completely abolished by increasing serosal potassium concentration close to intra- 
cellular potassium concentration. The fall in potential difference in  the absence of 
changes in tissue sodium and potassium content caused by ouabain in bladders ex- 
posed  to sodium-free serosal solutions may be  accounted for by assuming  that  the 
glycoside inhibits an electrogenic pump which brings about an asymmetrical move- 
ment of charge. This pump would be located at the basal surface of the epithelium. 
However, there exist tissue elements in the subepithelial layers and possibly among the 
epithelial cell types which are accessible to serosal sodium and accumulate sodium and 
lose potassium when exposed to ouabain in the presence of serosal sodium. The model 
also accounts for the effects of ouabain in the bladders exposed to sodium-free serosal 
solutions and subjected to a  200-my potential difference: sodium follows the gradient 
across  the sodium-permeable  apical  epithelial surface and  accumulates  in  the ceils 
because it cannot be expelled by the partially inhibited pump and because  it cannot 
get across the potassium-permeable channel of the basal membrane;  also, the pump, 
being partially inhibited, cannot maintain normal tissue potassium content, and the 
ion leaks out of the cells. 
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